Introduction
It is generally believed that preovulatory surges of luteinizing hormone (LH) and follicle stimulating hormone (FSH) are induced by increasing concentrations of estradiol in serum. However, little is known about the underlying mechanisms by which estradiol induces the FSH surge. Estradiol increases the capacity of the pituitary to secrete FSH in response to LH releasing hormone (LHRH) before the preovulatory surge in rats (Aiyer et al., 1974) and ewes (Hooley et al., 1974) . Estradiol may exert this effect by acting directly on the pituitary or indirectly, perhaps by increasing frequency and(or) amplitude of LHRH release, which would prime the pituitary to LHRH. Furthermore, for most species examined thus far, LHRH is required to trigger the preovulatory gonadotropin surge (Kerdelhue et al., 1976; Narayana and Dobson, 1979; Sarkar and Fink, 1979) . However, monkeys may not require LHRH for the induction of gonadotropin surges (Ferin et al., 1979) , so this requirement may be species-dependent.
The objective of these studies was to determine the time-course of changes in LHRHinduced FSH release in cattle given estradiol. In addition, we examined whether LHRH is necessary to trigger the FSH surge. 817 JOURNAL OF ANIMAL SCIENCE, Vol. 54, No. 4, 1982 To minimize confounding effects of endogenous LHRH, we used estradiol-treated steers as a model for cows in one of the experiments described herein. The rationale for choosing steers was that: (1) estradiol apparently does not cause a surge release of LHRH in steers, as it does in cows , and, therefore, we could study the effects of exogenous LHRH without interference of endogenous LHRH release; and (2) the pituitary is not sexually differentiated (Harris and Jacobsohn, 1952) , and, therefore, effects of estradiol on the pituitary gland should be similar in steers and cows. We previously published LH data from these experiments .
Materials and Methods
In both experiments, 1 mg estradiol 3 was dissolved in 3 ml safflower seed oil and injected im. This dose consistently induces preovulatorylike LH surges in ovariectomized (ovx) cows 12 to 24 h after injection (Short et al., 1979) . One microgram of LHRH 4 was dissolved in 5 ml saline and injected via cannula into a jugular vein every 20 rain for 8 to 10 h. We selected this low dose of LHRH in an attempt to mimic LHRH pulses that occur naturally. The frequency of LHRH injection was based on the frequency at which LH is released during the preovulatory LH surge (Rahe et al., 1980) . Two experiments were conducted. In the first, 24 Holstein steers, castrated at least 9 d earlier and weighing 190 to 300 kg, were assigned to six treatment groups of four each. Steers in four groups were given estradiol at time 0 and then 1 /ag LHRH every 20 min for 10 h beginning at either 2, 8, 12 or 20 h later. Steers in two control groups were given either: 3 Estradiol-17~ was purchased from Sigma Chemical Co., St. Louis, MO.
4 LHRH was generously supplied by Dr. R. Rippel, Abbott Laboratories, N. Chicago, IL.
s There were two cows and three heifers per treatment group, or vice versa. Of the 10 ovx cows, nine were Jerseys and one was Guernsey.
6 Specific antiserum for bovine FSH was generously supplied by Dr. K. W. Cheng, Univ. of Manitoba, Winnipeg.
Estradiol-17/~-1 l~-tyrosine methyl ester and rabbit anti-estradiol-17/3-11~3-hemisuccinate-bovine serum alblumin were generously supplied by Dr. K. T. Kirton, Upjohn Co., Kalamazoo, MI.
(1) 1 #g LHRH at 20-min intervals for 10 h beginning 20 h after oil or (2) saline at 20-min intervals for 10 h beginning 20 h after estradiol.
In the second study, 10 ovx Holstein heifers and 10 ovx cows, ovx at least 18 d earlier and weighing 325 to 515 kg, were assigned to four treatment groups s. No difference in FSH release was detected between heifers and cows, so, hereafter, both groups will be referred to collectively as ovx cows. Ovx cows in three groups were given estradiol at time 0 and then repetitive injections of either (1) LHRH beginning at 2 h (2) LHRH beginning at 8 h or (3) saline beginning at 12 h. The fourth group was given LHRH beginning 2 h after oil. Saline or 1 /ag LHRH were given every 20 rain for 8 h.
Blood was collected via jugular cannula and FSH concentrations were determined by radioimmunoassay 6 . Blood was collected immediately before every other LHRH or saline injection, i.e., at 40-min intervals. However, FSH concentrations were determined only in every third sample (2-h intervals, steer experiment) or every second sample (80-rain intervals, cow experiment). Before and after the period when LHRH or saline was injected, blood was collected at 1-or 2-h intervals. Concentrations of estradiol 7 ) in serum were < 1, 166, 144, 72, 30 and <1 pg/ml at 0, 2, 4, 8, 12 and 24 h, respectively.
Data were transformed logarithmically to obtain homogenous variance and then analyzed by split-plot analysis for repeat measurements (Gill, 1978) . Rate of decrease in basal FSH concentrations were determined by linear regression. Specific comparisons were made by Bonferroni's t-test (Gill, 1978) .
Results
The purpose of this study was to determine the change in magnitude of LHRH-induced FSH release at various times after estradiol. Recall that steers were used to maintain endogenous LHRH secretion at a low, constant rate, so that gonadotroph sensitivity could be tested during and after the time when the spontaneous FSH surge occurs in ovx cows given estradiol. Peak concentrations of FSH after pulsatile LHRH treatment was approximately 280 ng/ml irrespective of whether steers were given estradiol 2, 8, 12 or 20 h earlier (closed circles, figure 1). These peaks exceeded (P<.05) comparable peaks in steers injected with oil 20 h before beginning LHRH treatment (triangles, figure 1 ), but only by 80 ng/ml. Estradiol also reduced basal concentrations of FSH.linearly at a rate of 9.8 + 2.3 ng/h for 12 h, from an initial baseline of 219 ng/ml to a plateau of 100 ng/ml (open circles, figure 1). Because of this, the LHRH-induced FSH increase from baseline was greater 8, 12 and 20 h after estradiol (156, 153 and 145 ng/ml, respectively) then after oil (40 ng/ml).
We also compared LHRH-induced FSH release 2 and 8 h after estradiol with the spontaneous FSH surge that occurs approximately 15 h after estradiol in ovx cows. Baseline concentrations of FSH in ovx cows before estradiol averaged 149 ng/ml.' Estradiol decreased (P<.01) concentrations of FSH in serum of ovx cows linearly at a rate of 9.8 -+ 1.6 ng/h for 6 h, after which concentrations were maintained at ~ 80 ng/ml (open circles, figure 2). FSH concentrations increased (P<.025) to 37 ng/ml above baseline when LHRH was given to oil-treated controls (open triangles, figure 2). Follicle stimulating hormone (FSH) concentrations in serum of steers given 1 /ug luteinizing hormone releasing hormone (LHRH) in saline every 20 rain for 10 h beginning 2, 8, 12 or 20 h after administration of I mg estradiol in oil (o---e). Controls were given either saline starting at 20 h after estradiol (o--o) or LHRH starting at 20 h after oil (~__A). Values at each time represent the mean for four steers. Note that the abscissa is discontinuous and of a different scale from that in figure 2. Some of the FSH valueS for steers receiving saline 20 h after estradiol have been plotted two or three times so as to correspond to the discontinuous abscissa.
When LHRH injections began 2 h after estradiol (closed circles, figure 2), FSH release was blocked (P<.025) 80 rain after the start of LHRH treatment (first measurement). This inhibitory effect was transient, however, and FSH peaked at 86 ng/ml above baseline 5 to 6 h after the initiation of LHRH treatment. When LHRH treatment was started 8 h after estradiol (closed triangles, figure 2), the LHRH-induced FSH increase from baseline (156 ng/ml) exceeded (P<.001) the comparable values for cows given oil and LHRH. In these cows given LHRH 8 h after estradiol, the FSH release pattern resembled the preovulatory or estradiolinduced FSH surge (open circles, right panel, figure 2) in magnitude (>180 ng/ml), duration (8 to 10 h) and general shape.
Discussion
The present experiments illustrate the synergistic actions of LHRH and estradiol on FSH release. The effects of LHRH and estradiol on FSH secretion are similar in many ways to those on LH secretion , but less striking. Thus, estradiol reduced FSH concentrations in serum of steers and ovx cows, even though these concentrations were still twice those of intact cattle (J. S. Kesner and E. M. Convey, unpublished data) . Approximately 12 to 14 h after giving estradiol, preovulatorylike surges of FSH occurred in ovx cows, but not in steers. Estradiol exerted a biphasic effect on LHRH-induced FSH release. Thus, LHRHinduced FSH release was blocked 3 to 4 h after estradiol in cows, and then was increased in cows and steers in relation to concentrations in cattle given oil and LHRH. The reason the transitory inhibition of LHRH-induced FSH release was not observed in estradiol-treated steers may have been that the first observation was not made until 2 h after the start of LHRH treatment. Maximal responsiveness of the gonadotrophs to LHRH occurred by 8 h after estradiol and persisted at least until 20 h. Estradiol exerts a similar biphasic effect on monkeys (Nakai et al., 1978) and rats (Apfelbaum and Taleisnik, 1976) . In addition, FSH concentrations decreased in the presence of continued LHRH injections, as did LH concentrations . In contrast, LH, but not FSH release began to decline after 2 h in rats given continuous LHRH infusions (Blake and Garner, 1980) . Apparently, estradiol is necessary for sensitization of the pituitary so that LHRH may stimulate the preovulatory FSH surge. In the absence of estradiol, the LHRH-induced FSH release was smaller in magnitude and the secretion profile different in shape from the preovulatory surge. Furthermore, the fact that the pituitary gland had achieved maximal responsiveness to LHRH 10 to 16 h before spontaneous, estradiol-induced surges peaked leads us to suggest that pituitary responsiveness to LHRH probably does not dictate the timing of the surge, but rather some other stimulus, probably the resurgence of LHRH release.
Although there are many striking similarities between the control of FSH secretion and the control of LH secretion, at least one difference exists. The estradiol-induced reduction in basal FSH concentrations in castrated cattle (40 to 120 ng/ml) is substantial relative to the increase in concentration at the ensuing FSH surge (approximately 150 ng/ml). This is not true for LH. Since basal levels of FSH are reduced so dramatically by estradiol, the FSH retained in gonadotrophs that other wise would be released to maintain a high FSH baseline may account for much of the enhanced FSH release caused by LHRH-estradiol synergism. FSH baselines also decrease before the preovulatory FSH surge in cycling ewes, but to a lesser extent than seen herein (Pant et al., 1977) . This decreasing FSH baseline has been observed not to occur in cows (Roche and Ireland, 1981) .
An alternative explanation is that estradiol may increase pituitary sensitivity by increasing the rate of FSH synthesis. However, others have found that estradiol decreased pituitary content of FSH in rats (Chappel et al., 1978) and rate of FSH synthesis in pituitary glands of anestrous sheep (Miller et al., 1977) . Another way that estradiol might augment pituitary sensitivity would be by increasing the number of LHRH receptors on the gonadotrophs. Yet, recent studies with rats (Clayton et al., 1980; Savoy-Moore et al., 1980) suggest that the rapid increase of pituitary responsiveness to LHRH that oceurs on the afternoon of proestrus in accompanied either by no change or by a decrease in the number of LHRH receptors. Finally, estradiol may increase pituitary sensitivity by acting within the gonadotroph to alter the afferent signal (amplification system) or efferent signal (secretory process) that governs FSH release. This possibility appears to be the most likely, but represents a very general category of many biochemical and cytological processes.
The present results indicate that pituitary capability to seerete FSH is increased maximally long before the surge occurs. Furthermore, by giving LHRH to estradiol-treated cattle, we were able to elicit FSH release that was indistinguishable from preovulatory surges. These observations suggest that, in cattle, the FSH surge, like the LH surge , is triggered by increasing quantities of LHRH acting upon a sensitized pituitary. The FSH surge in ewes (Dobson and Ward, 1977; Narayana and Dobson, 1979) and rats (Kerdelhue et a!., 1976) requires LHRH stimulation, too. On the other hand, LHRH apparently is not needed to trigger the FSH surge in monkeys (Ferin et al., 1979) , even though LHRH secretion rate appears to increase at the time of the surge (Neill et al., 1977) .
On the basis of the present results, we propose that estradiol induces the preovulatory FSH surge via two principal actions. First, estradiol increases the pituitary's capacity to release FSH. This effect becomes maximal long before the surge occurs. Only later does the action of estradiol on the central nervous system express itself as increased LHRH release, and thus the preovulatory FSH surge. This
